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We describe a frequency-modulation technique that is applicable to two-beam interferometric systems illuminated
by semiconductor diode lasers. The technique permits a determination of the optical path difference between the
two arms of the interferometer and is used here to extend the range of a fiber polarimetric strain sensor by
determining the order of the particular polarimetric fringe under consideration.
In recent years, the development of optical sensors
using monomode-fiber sensing elements has become
an area of active research. The transduction mecha-
nism is the phase modulation of the guided beam by
the applied measurand. A range of signal-processing
techniques has been reported that may be classified
into three groups, each of which is appropriate for
different ranges of measurement resolution. The first
group comprises devices that are true interferometers
and employ direct phase demodulation'; in the second
group the differential phase retardance between po-
larization eigenmodes in a birefringent sensing ele-
ment is recovered'; and in the third, the optical source
is frequency modulated and the path-length imbal-
ance in the interferometer is determined from the har-
monic content of the output signal.2
Interferometric techniques offer the highest resolu-
tion, but because of the periodic nature of their trans-
fer function the available unambiguous measurement
range is limited. This difficulty may be alleviated
through the use of long-range phase-tracking tech-
niques, but even these will fail when the system is reset
to its power-up condition, at which point the order of
interference cannot be identified. Polarimetric tech-
niques are intrinsically less sensitive and hence offer
an increased measurement range at the cost of con-
comitantly reduced resolution. Polarimetric and in-
terferometric techniques may be combined to yield
the wide measurement range of the polarimeter with
the resolution of the interferometer.3 Frequency-
modulated continuous-wave (FMCW) techniques of-
fer the widest measurement range but have signifi-
cantly poorer resolution than either polarimetric or
interferometric techniques.
We describe here a processing scheme for the mono-
mode-fiber sensor in which FMCW and polarimetric
techniques are applied simultaneously in order to
achieve the widest possible measurement range with
enhanced resolution. The system has been demon-
strated in the measurement of strain, although it is
equally applicable to a range of other measurands.
The propagation of a beam through a linearly bire-
fringent optical fiber is described by4
F = [exp(idf)
L0
where Es and E0, are the electric field vectors of the
incident and emergent beams, respectively, and F is a
pseudo Jones matrix describing the fiber; of and cb are
the phase retardances for the fast- and slow-polariza-
tion eigenmodes, respectively. These phase retar-
dances are functions of axial strain applied to the fiber
such that
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where nj is the effective core refractive index of the
relevant eigenmode, I is the length of the fiber, and X is
the vacuum wavelength of the source.3 Either of the
Oj may be determined by using an interferometer.
For example, the fiber may form one arm of a Mach-
Zehnder interferometer containing a polarization ana-
lyzer that selects only one of the eigenmodes. The
output intensity is then given by
I, = IOI[1 + k, cos(k] -O)], (3)
where I10 is an intensity constant, k, is a visibility
constant, and OI is a constant phase term associated
with the reference arm of the interferometer. Simi-
larly, the phase difference between the eigenmodes
may be determined without an interferometer by plac-
ing a polarization analyzer in the output beam at 450
to the eigenaxes, giving
Ip = IOp[1 + kP Cos('f - 05 -OM I (4)
where lop, kp, and Op are constants.
The objective of any signal-processing scheme is to
recover the phase Oj. A range of techniques exists for
determining this quantity within modulo 2,r, but an
absolute determination is more difficult. In the
FMCW technique, the optical frequency of the source
is modulated, thus producing phase modulation in an
unbalanced interferometer. The problem is effective-
ly that of determining the net effective optical path-
length imbalance in the interferometer, L, where
2'(rL0krOT= (5)
Hence, for an optical source of nominal frequency v
(1) modulated by an amplitude Ai, with circular modula-
tion frequency c,
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The sinusoidal modulation of optical frequency is
readily achieved by using a diode-laser source, where
optical frequency is dependent on injection current.5
The frequency spectrum of the interferometer may be
found by combining Eqs. (3) and (6) and expanding in
terms of Bessel functions to give
I, = Io {1 + k, cos x [Jo(Ax) + 2 E J2,(Ax) cos 21wt]
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where x = 27rLv/c and Ax = 27rLAv/c. This spectrum
is simplified if the interferometer is at quadrature;
that is, for the condition x = 7r/2 + 2N7r, where N is an
integral. Under these conditions, the spectrum of Eq.
(7) contains only odd harmonics. In particular, the
amplitude of the signal at the frequency of the modu-
lation is proportional to JJ(Ax), which is in turn pro-
portional to L in the small-signal limit. Hence, in
principle, a measurement of the output signal at the
frequency of modulation would enable the optical
path difference to be determined. The technique also
permits accurate balancing of the interferometer.6
Figure 1 shows the experimental arrangement used
to investigate the variation in the signal close to zero
path-length imbalance. A Mach-Zehnder configura-
tion was used, incorporating a piece of highly birefrin-
gent fiber in one arm. Circularly polarized light was
launched into this fiber to populate both eigenmodes
equally. Interferometric fringes were obtained by in-
terfering light in one of the eigenmodes -with that from
the reference arm. Complementary outputs were ob-
tained at detectors DI and D2 and used in conjunction
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Fig. 1. Experimental configuration. LD, laser diode; H's,
half-wave plates; Q, quarter-wave plate; I, isolator; BS's,
beam splitters; A, analyzer; 0, oscilloscope; M, mirror; D1-
D3, photodetectors. Dashed lines, optical beam; thick lines,
monomode fiber; arrows, electronic signal.
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Fig. 2. Experimental results. Upper trace, amplitude of
signal at modulation frequency, from DI and D2; lower
trace, polarimetric output, from D3 (see text).
with low-gain bandwidth product servoelectronics and
a fiber-wound piezoelectric cylinder to hold the inter-
ferometer in quadrature. 7 Mirror M was adjusted so
that this interferometer was within a few hundred
micrometers of zero-path imbalance. Polarimetric
fringes were observed at detector D3. A strain was
introduced in approximately 15 cm of the fiber by
using a microtranslator. The locking range of the
servo system was in the region of a few micrometers,
and the servo was reset every time the microtranslator
was adjusted. The laser diode used was a Sharp Mod-
el LT010 emitting at approximately 816 nm. The
amplitude of the sinusoidal frequency modulation was
approximately 4 GHz, and the modulation frequency
was 1 kHz.
Figure 2 shows the results obtained in the experi-
ment. The upper trace shows the amplitude of the
signal at the modulation frequency, Ji(Ax). An ap-
proximately linear relationship is observed between
this amplitude and the applied strain. The small pe-
riodic departure from linearity observed corresponds
to interference between the eigenmodes of the bire-
fringent fiber used and arises because of the imperfect
polarizing components used. The lower trace shows
the polarimetric transfer function obtained from de-
tector D3.
The FMCW information (upper trace) is used only
to identify the order of the polarimetric interference
(lower trace), and hence the imperfect response ob-
served does not degrade the result obtained. A range
of techniques exists for the accurate determination of
the polarimetric phase (see, for example, Ref. 1). It is
hence feasible to determine the applied strain with the
high resolution of the polarimeter but with the wide
measurement range of the FMCW technique. For
example, in the present experiments a maximum
strain of 420 ,m was applied. Although the phase
resolution of the polarimeter was not measured in this
746 OPTICS LETTERS / Vol. 12, No. 9 / September 1987
experiment, typical values lie in the range 1 grad to 1
mrad.1 The polarimetric sensitivity coefficient was
27r X 104 rad m-1 , so that with a phase resolution of 1
mrad a strain resolution of about 10 nm would be
obtained.
The resolution of the FMCW technique is funda-
mentally limited by shot noise in the photodetector
current and may be calculated by setting the change in
photodetector current due to a small change in optical
path equal to the shot noise due to the mean photode-
tector current. If the minimum detectable change in
optical path is AL, then
2-7rak1ALAvI 01
= (2ea1o0 B)W2 , (8)
C
where a is the responsivity of the photodetector, B is
the bandwidth of the system, and e is the electronic
charge. Taking typical values of a, kJ, Av', and Ioi as
0.5, 1, 10 GHz and 100 gW, respectively, and a 10-Hz
bandwidth suggests a shot-noise-limited resolution of
around 1 nm. In practice this limit is not approached
because of additional noise factors arising from the
source and the environment. The laser source exhib-
its both intensity and phase noise. The effects of
intensity noise may be largely eliminated by using
complementary interferometric outputs, as we have
done. The effects of phase noise on the output of the
interferometer are proportional to the optical path
difference between the signal and reference arms.8
Since our technique operates near the point of zero
optical path difference, the limit on the resolution of a
practical system is likely either to be environmental in
nature (acoustic or temperature effects) or to arise
from the nonideal nature of the components used, as
we observed.
An important enhancement in this technique would
be achieved if the resolution of the FMCW technique
were sufficient to obtain the order of interference in
the interferometric output. In our experiments we
observed a ratio in sensitivity between the interfero-
metric and polarimetric responses of 1:112. Even
without this refinement, the interferometric informa-
tion may still be derived since the order of interference
may be found from a combination of the FMCW and
polarimetric information. However, the additional
complexity in the signal processing required would not
generally be warranted.
Finally, with the current interest in polarization-
maintaining fiber couplers and other fiber compo-
nents, an all-fiber version of this system should be
possible in the near future, which would considerably
enhance its usefulness.
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